GRP94, calreticulin, calnexin, protein disulfide isomerase (PDI), oxidoreductase, and ER protein 57 . 4 It has been demonstrated that GRP78 plays crucial roles in diabetes, cancer progression and therapy, heart diseases, and neurodegenerative diseases. Whether the involvement of GRP78 is the primary cause or a secondary consequence in diseases is yet to be determined. Besides, GRP78 and UPR also participate during embryonic development, and under physiological conditions such as development and differentiation of plasma cells and pancreatic β cells. 5 This review focuses on the physiological roles of GRP78/BiP, as well as the recent advances in the study of crucial roles of GRP78/BiP in embryonic development and neurological disorders.
ER Protein Quality Control, UPR, and ER-resident Chaperone Proteins
The protein quality control in ER is important for cell survival and ER chaperones are crucial for the normal function of ER quality-control systems. 6 Many genetic and environmental insults disturb the normal functions of ER and induce ER stress. ER stress is triggered by accumulation of unfolded and misfolded proteins in the ER lumen by the induction of UPR processes in eukaryotes. 7 Three ER-resident transmembrane proteins function as stress sensors and are involved in the UPR: inositol requiring kinase 1 (IRE1), activating transcription factor (ATF)6 and PKR-like (RNA-activated protein kinase-like) endoplasmic reticular kinase (PERK) transducers, which transduce the unfolded protein signal across the ER membrane and lead to the activation of the UPR (Figure) . 7 Upon ER stress, the first response is the activation of the PERK pathway, which leads to the attenuation of general protein translation by phosphorylation of the α subunit of eukaryotic translation initiation factor 2 (eIF2α). 8 However, the phosphorylated eIF2α can selectively enhance the translation of mRNAs containing inhibitory upstream open reading frames in their 5′ untranslated region, such as ATF4. 9 In addition, under ER stress, ATF6
becomes an active transcription factor by transiting to the Golgi complex, where it is cleaved by site-1 and site-2 proteases. 10 The active cleaved form of ATF6 translocates to the nucleus and binds to the promoter of UPR-inducible gene to upregulate proteins that adjust ER protein folding, especially ER chaperones and X-box-binding protein (XBP)-1. 11 The last activated pathway with response to the ER stress is the IRE1 pathway. Activated IRE1 acts as an endoribonuclease, which brings about the unconventional splicing of XBP-1 mRNA and subsequent translation of an active transcription factor. 8, 11 The active transcription factor then promotes the expression of ER-resident chaperones, which facilitate protein folding in the ER. 8, 11 If these adaptive coordinated responses cannot eliminate inappropriately folded proteins during prolonged and severe ER stress, the UPR elicits a pro-apoptotic pathway and triggers apoptotic cell death. 5, 12 In the ER lumen, several chaperone proteins are involved in the UPR to regulate protein quality control, including glucose-regulated proteins (GRPs), calreticulin, calnexin, PDI, oxidoreductase, and ER protein 57. These chaperone proteins contain ER stress elements in their promoters and are upregulated during ER stress. 13 Some chaperones, including GRP78, GRP94 and PDI have been identified to form a multimeric protein complex to bind to and interact with the unfolded proteins. 4, 14 GRP78, a member of the heat shock protein 70 family, also referred to as BiP or heat shock protein A5, is one of the major ER chaperones capable of regulating UPR signaling, through a bind-and-release mechanism with the ER stress sensors and transducers (PERK, ATF6 and IRE1).
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GRP78 is composed of three domains: the ATPase domain, the peptide-binding domain, and the C-terminal domain. 16 Upon ER stress, GRP78 dissociates from the ER transmembrane transducers to bind to the unfolded proteins in the ER, which leads to the activation of the PERK, ATF6 and IRE1 pathway ( Figure) . 15, 17 The cycles of binding and release of GRP78 are mediated by its N-terminal ATPase activity. 18 GRP78 also binds to unfolded proteins when GRP78 is associated with ATP. DnaJ family members ERdj1-5 are induced by ER stress and serve as cofactors of GRP78, which bind to the GRP78 complex and stimulate the ATPase activity of GRP78 to hydrolyze ATP to ADP. [19] [20] [21] Hydrolysis of ATP to ADP results in conformational change of GRP78 and augments the binding ability of GRP78 to unfolded protein. Subsequently, BiP-associated protein, a nucleotide exchange factor, converts ADP to ATP, thereby facilitating the release of GRP78 from the proteins. 22 The cycles of GRP78 bind-and-release help the correct folding of proteins and maintain the quality control of the ER.
Multifunctional Roles of GRP78
GRP78 is involved in many cellular processes other than as a major regulator of UPR ( Figure) .
With its Ca 2+ binding capacity, GRP78 assists in maintaining cytosolic calcium homeostasis by sequestering Ca 2+ within the ER. 23 Overexpression of GRP78 has been found to increase the Ca 2+ storage capacity of the ER. Conversely, diminished expression of GRP78 increases the intracellular Ca 2+ levels induced by oxidants. 24, 25 In addition, recent studies have revealed that GRP78 has cytoprotective and anti-apoptotic properties. [24] [25] [26] [27] Some studies have demonstrated that GRP78 forms a complex with caspase-7 and caspase-12 on the cytosolic side of the ER membrane, thereby blocking the main apoptosisrelated machinery, without directly binding to caspase-3. 27, 28 Other studies have shown that reactive oxygen species generated in hypoxic or ischemic preconditioning lead to upregulation of GRP78 expression. After GRP78 is induced, cells are protected from apoptosis via suppression of oxidative stress. 29 However, the detailed mechanisms by which GRP78 protects cells against cell death under stressful and pathological conditions remain to be explored. Recently, it has been shown that ER stress could induce autophagy for cell survival in SK-N-SH neuroblastoma cells. 30 Autophagy is a catabolic process of cytosolic protein recycling, and plays important roles in intracellular protein degradation. In mammals, autophagy has been shown to be related to ER stress and the UPR. 31, 32 More recently, studies have shown that the ER structure is disrupted, and autophagosome formation induced by ER stress and nutrient starvation is blocked in cells in which GRP78 is knocked down by small interfering RNA (siRNA). These results imply an essential role of GRP78 in ER-stressinduced autophagy. 33 Knockdown of GRP78 by siRNA in cells causes compensatory upregulation of GRP94, suggesting that some functions of GRP78 can be compensated by other homologous chaperones, but it cannot be replaced totally because of its unique multifaceted subcellular location. 34 Besides, GRP78 has been identified on the cell surface or cytosolic surface of the ER membrane. 27, 35 The physiological function of cell-surface GRP78 appears to be a multifunctional receptor that allows it to regulate a variety of signaling pathways that are involved in cell proliferation and cell death regulation. 35 Roles of GRP78 in Embryonic Development and Nervous System Development Although many studies have described the crucial roles of GRP78 for modulating the physiological function of eukaryotic cells, few have described how essential GRP78 is for development. The amino acid sequence of GRP78 is highly conserved from yeast to humans, thereby implying its crucial function for eukaryotes. 36 One study using twodimensional gel electrophoresis has found that GRP78 is abundant at the blastocyst stage of the developing mouse embryo, suggesting an essential role of GRP78 in embryonic development. 37 It has also been shown that GRP78 is highly expressed in the heart, neural tube, gut endoderm, somites, and surface ectoderm of mouse embryos during early organogenesis. 38 To investigate the direct role of GRP78 for growth and development in vivo, heterozygous and knockout (KO) GRP78 mouse models have been created. 39 The GRP78 KO mice exhibit lethality beyond the periimplantation stage, with obvious defects in cell proliferation and massive apoptosis in the inner cell mass. By contrast, the heterozygous GRP78 + mice, which express half of the GRP78 proteins compared with wild-type adults, are viable, phenotypically normal, and respond normally to ER stress. The heterozygous GRP78 cells upregulate other ER chaperones, including GRP94 and PDI at both the transcript and protein levels. However, the compensatory responses cannot rescue the GRP78 KO mice from lethality, suggesting that GRP78 is essential for embryonic development. However, the roles of GRP78 in neuronal development and underlying mechanisms for ER stress during embryogenesis are still unclear. During embryogenesis, a number of coordinated events occur to ensure orderly generation of the diverse cell types leading to proper development of organs. One of these events is apoptosis, which occurs widely during development of the central nervous system. 40 Apoptosis can be induced by a number of different stimuli, including ER stress. 41 Recently, it has been shown in mouse models that ER stress is involved in the development of the central nervous system. 42 Several ER chaperones, including GRP78, are expressed at higher levels in embryonic brain and retina than in adult tissues. The indicators of the UPR, including unphosphorylated and phosphorylated forms of eIF2α, spliced XBP-1 mRNA, and partially glycosylated ATF6, are detected predominantly in embryonic brain compared with adult tissues. Caspase-7 and -12 are found more abundantly in embryonic brains than in adult tissues, which suggests that ER stress induces apoptosis during embryonic development of the central nervous system. More recently, a mouse model of GRP78 conditional KO in Purkinje cells (PCs) was established. 43 The GRP78 PCs-specific KO mice have demonstrated accelerated PC degeneration and cerebellar atrophy, with growth retardation and severe defects in motor coordination. Besides, in GRP78-null PCs, the other ER chaperones, GRP94, PDI and GADD34 (growth arrest and DNA damage-inducible protein 34), as well as the induction of CHOP (C/EBP homologous transcription factor), an ER-stress-inducible transcriptional factor, are upregulated. However, the phosphorylated eIF2α and apoptotic cell death are suppressed through feedback. An association between GRP78 depletion and reduction in cytosolic ubiquitin has also been demonstrated, suggesting a requirement for GRP78 in protein ubiquitination. The available evidence supports the notion that GRP78 plays a crucial role in embryogenesis and development of the nervous system. However, the underlying mechanisms and participation of GRP78 in embryogenesis are yet to be determined.
GRP78 and Human Diseases
Increasing evidence suggests that ER stress and the UPR are involved in a variety of human diseases, including diabetes, cancer progression, cardiovascular diseases, renal diseases, and neurological disorders. 23, [44] [45] [46] [47] Most findings of ER stress and the UPR in human diseases have been focused on carcinogenesis and tumor progression. Studies have demonstrated that the microenvironment of tumor cells is often nutrient-deprived and hypoxic, which mimics the physiological ER stress and causes activation of the UPR. 48 Besides, the apoptotic pathways are often suppressed for immortalization of cancer cells. With the antiapoptotic function, GRP78 has been implicated in cancer progression and drug resistance.
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Upregulation of GRP78 is present in a variety of cancer cell lines, solid tumors, and human cancer cells, including lung cancer, prostate cancer, gastric carcinoma, hepatocellular carcinoma and breast cancer. 34, [49] [50] [51] Tumor invasion, metastasis and recurrence are also positively correlated with increased GRP78 expression, whereas patient survival rate and chemosensitive response are inversely correlated with increased GRP78 expression. [49] [50] [51] With regard to neural tumors, the level of GRP78 expression is significantly higher in malignant glioma specimens and cell lines compared with the low expression level in normal adult brain tissues. 52 The expression of GRP78 is positively correlated with cell proliferation. Besides, knockdown of GRP78 by siRNA or treatment with GRP78 inhibitors augments the effectiveness of chemotherapeutic agents, including temozolomide, a prevalent chemotherapeutic agent for malignant glioma, thereby suggesting the crucial role of GRP78 in chemoresistance and potential combination therapy. 52, 53 In addition, human brain endothelial cells, derived from blood vessels of malignant glioma tissues, constitutively overexpress GRP78 and are more resistant to chemotherapeutic agents, which supports a crucial role for the vasculature in tumor growth and survival. 53 Nevertheless, Hsu et al have demonstrated that GRP78 is an independent favorable prognostic marker in neuroblastoma (NB). 54 NB is a childhood tumor derived from sympathoadrenal lineage of the neural crest progenitor cells, and is the most common malignant disease of infancy. 55 The molecular mechanism underlying the tumorigenesis of NB remains elusive, and it has been postulated that the pathogenesis of NB is due to the failure of differentiation or apoptosis of neuroblastic cells. Recent evidence suggests that NB cells exhibit a capacity to differentiate into mature cells and can be regressed spontaneously by apoptosis. 56 , 57 Hsu et al have found that increased GRP78 expression in NB tumors positively correlates with tumor differentiation, and therefore predicts a favorable outcome. 54 GRP78 expression as a significant factor for predicting favorable outcome has also been found in other studies of olfactory NB. 58 An in vitro study using the PC12 cell line has revealed that increased GRP78 expression is correlated with promotion of neurite outgrowth in the presence of nerve growth factor (NGF). 59 Overexpression of GRP78 by adenoviral gene transfer promotes NGF-induced neurite outgrowth, and antisense nucleotides of GRP78 block the promotion of neurite outgrowth. 59 Thus, GRP78 might play an essential role in the differentiation of NB cells, as well as in the differentiation of other neural progenitor or stem cells.
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GRP78 in Neurological Disorders
Neurons are vulnerable to different genetic and environmental insults that affect the homeostasis of ER function via the accumulation of misfolded proteins. Therefore, it is not surprising that a number of studies have demonstrated that ER stress and misfolded protein aggregation are present in several neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, bipolar disorders, amyotrophic lateral sclerosis, spinocerebellar ataxia, and Lafora disease. [61] [62] [63] [64] [65] [66] [67] [68] [69] ER stress has also been implicated in other neurological diseases, such as methamphetamine-induced neurotoxicity, sleep disorders, cerebral ischemia, and demyelinating diseases. 44, [70] [71] [72] A spontaneous recessive mutant mouse model, woozy mouse, has provided a direct connection between ER dysfunction and neurodegeneration. 73 The woozy mutant mice develop adult-onset ataxia with selective loss and death of PCs. Genetic studies have identified that the woozy mutation disrupts the Sil1 gene, which encodes a nucleotide exchange factor for GRP78. GRP78 is upregulated in degenerative PCs. Sil1-deficient mice possess a nonlethal phenotype, suggesting the existence of other co-chaperones that might serve as alternative nucleotide exchange factors for GRP78 function. As previously mentioned, a mouse model of GRP78 conditional KO in PCs has been created recently, and confirms the crucial roles of GRP78 in neurodegeneration. 43 Humans with Sil1 mutation develop Marinesco-Sjogren syndrome, which is characterized by cerebellar ataxia, cataract, myopathy, and psychomotor retardation. 74, 75 However, the physiological and pathological roles of GRP78 in neuronal development and neurologic disorders are yet to be recognized. A knock-in mouse model expressing mutant GRP78 has been created recently, and has helped to clarify the effects of defective GRP78 function in neuronal development. 76 The mutant mice that express low levels of GRP78 in the ER die after birth due to respiratory failure. The brain of mutant mice displays abnormal layer formation in the cerebral cortex and cerebellum, which results in a neurological phenotype of reeler-mutant-like malformation, which is linked to schizophrenia. 76, 77 The size of the brain is also reduced and the expression of reelin, which is secreted by Cajal-Retzius cells, is markedly reduced. These findings imply that mutant GRP78 and aberrant ER quality control are involved in improper neuronal migration and maturation, which results in neurological disorders.
In humans, a recent study has demonstrated increased expression of GRP78 in the cortex and hippocampus of patients with Alzheimer's disease, as well as in anterior horn motor neurons from patients with amyotrophic lateral sclerosis, which suggests that ER stress induces activation of the UPR in Alzheimer's disease and amyotrophic lateral sclerosis. 69, 78, 79 By contrast, reduced level of GRP78 has been illustrated in the cortex of Alzheimer's disease patients and in aging brain. 80 Reduced GRP78 in neurodegenerative diseases has also been observed in the cell model of spinocerebellar ataxia, suggesting that GRP78 plays an important role in neuroprotection. 68 It has been shown that selective induction of GRP78 plays an important role in the apoptotic death of differentiated PC12 cells deprived of NGF, as well as rat sympathetic neurons. 81 In addition, it has been demonstrated that the ER-stress induced cell death pathway in differentiated PC12 cells was characterized by up-regulation of GRP78, calpain expression and processing of caspase-12.
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In another study, induction of GRP78 by ischemic preconditioning was found to reduce ER stress and postpone neuronal cell death. 83 Moreover, GRP78 participates in the neuroprotective mechanism induced by hypothermic treatment in reducing brain damage caused by traumatic, hypoxic and ischemic injury. 84 The reduction of GRP78 [84] [85] [86] [87] Finally, the discovery that valproic acid (a common drug for treatment of epilepsy and bipolar disorder) enhances expression of GRP78 further suggests a neuroprotective effect of GRP78. 88 These results shed new light on the possible mechanisms of valproic acid in the treatment of neurological diseases.
Conclusions and Future Directions
Over the years, evidence has shown that GRP78 is unique and essential for embryogenesis, and contributes to a wide range of neurological diseases (Table) . However, little is known about the mechanisms by which GRP78 protects eukaryotes from cell death. Moreover, whether the involvement of GRP78 is a primary cause or a secondary consequence in disease evolution has yet to be determined. Considering the potential importance of GRP78 in neuronal development and neurological disorders, further studies are needed to evaluate the detailed participation of GRP78 in embryogenesis and nervous system development, as well as its effects on neural differentiation and neurological disorders. Additionally, the discovery of cell-surface GRP78 implies a novel function in disease that differs from its chaperone activity. Further investigations on the crucial roles of GRP78 in neurological diseases will provide a solid foundation for development of potential therapeutics to modulate and treat disease progression. Cancers GRP78 is involved in cancer progression and drug resistance 27, 34, [48] [49] [50] [51] [52] [53] Neuroblastoma GRP78 is an independent favorable prognostic marker 54, 58 Neurological disorders GRP78 is involved in Alzheimer's disease, amyotrophic lateral sclerosis, and spinocerebellar ataxia 68, 69, [78] [79] [80] A knock-in mouse model expressing mutant GRP78 displayed reeler mutant-like malformation and phenotype mimicking schizophrenia 76, 77 Upregulation of GRP78 is involved in cell death in PC12 cells 81, 82 Upregulation of GRP78 expression could prevent neuronal death both in vitro and in vivo [83] [84] [85] [86] [87] Others GRP78 is involved in diabetes, cardiovascular diseases, and renal diseases [45] [46] [47] GRP = glucose-regulated protein; KO = knockout.
